Since abnormal variations of potassium in the extracellular fluid are considered to exert a profound toxic effect on the heart, it is desirable to know if variations of potassium in extracellular and intracellular compartments limit the capacity of skeletal muscle to perform work. In a previous communication we demonstrated that within wide limits the amount of potassium in skeletal muscle did not effect the response of striated muscle to a tetanic stimulus (1). Since the testing of a muscle by a' tetanus is not a satisfactory method of estimating the capacity of muscle for work, a less artificial method of testing work capacity was sought. In the present experiments the potassium of the skeletal muscle of rats was varied through wide limits by various means and the rat's ability to work was tested by having the animal swim continuously. It is obvious that in such experiments a failure to swim cannot necessarily be attributed to a decrease in muscle function, since many other factors might equally well explain the failure. If satisfactory work performances could be obtained in spite of abnormal variations of potassium in extracellular and intracellular fluids of the skeletal muscle, t'hen an tiltered potassium in these fluids could not be accepted as an explanation for the failures.
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C, MILLER AND DANIEL C. DARROW tinuously for 60 minutes. Some rats were permitted to swim to the point of exhaustion. Exhaustion was determined by the inability of the rat to reach the surface of the water although it was making every attempt to do so. Occasionally rats submerged at the bottom for several seconds, evidently seeking a means of escape. By careful observation it was not difficult to determine when submersion was due to exhaustion and when it was due to other factors.
Immediately upon termination of the swim the rat was etherized and blood withdrawn under oil from the abdominal aorta.
Analyses of serum and muscle were made in the manner described in a previous communication (2) . The muscles of the hind legs were the only ones used in the present study.
The hearts of several rats were removed for pathological examination. Histological preparations were studied after hematoxylin and eosin stains. Several rats received daily injections of desoxycorticosterone acetate? The doses are indicated in the tables.
RESULTS. Table 1 shows the effect of prolonged exercise on the composition of serum and muscle in normal rats. The rats of group I swam for a period of from 15 to 110 minutes while those of group I A were killed as they were removed from the cages. In the serum the only significant change is the small increase in serum potassium from 4.0 to 4.7 mM per liter. In the muscle there is a definite increise in water with exercise. Since the increase in sodium and chloride of the muscle can account for sufficient extracellular water to explain the change in total muscle water, the amount of intracellular water per unit of fat-free solids is not appreciably changed by exercise. However, the increase in protein indicates a change in the solids-presumably a loss of some labile fat-free solid such 2 We are indebted to Ciba Products, Inc., for the desoxycorticosterone acetate used in these experiments.
as glycogen.
Since the data show no change in potassium and phosphorus per unit of fat-free solids, the change in solids is accompanied by loss of these elements.
The changes demonstrated in table I were apparently not related to the duration of the exercise-at least within the limits studied. Neither were they related to the apparent degree of exhaustion. Table 2 shows the analyses of rats in which the muscle and serum potassium have been significantly increased by repeated hourly injections of KC1 intraperitoneally.
Analyses of rats in groups II A and III A are of resting rats and have been reproduced from a previous study (3) in order to show that the muscle potassium is significantly increased within 15 to 30 minutes after the last serial injection of KC1 (see group II A) and returns almost to normal if the animal is not sacrificed until 60 to 90 minutes after the last injection (group III A). Groups II and III represent animals treated in a manner corresponding to groups II A and III A respectively except that they were exercised in addition to receiving injections of KCl. All rats in group II were rapidly exhausted by their swimming. The fact that they were exhausted did not apparent#ly alter their electrolyte from that of the resting rats in the corresponding group II A. The only significant changes in electrolyte of the exercised rats of groups II and III from that of the resting rats in groups II A and III A are an increase in muscle water in both of the former and a higher concentration of serum potassium in group II than in II A. Unlike normal exercised rats there is no increase HERBERT C, MILLER AND DANIEL C. DARROW in muscle sodium and chloride in the rats in groups II and III over those of the resting rats in groups II A and III A. The rapidity with which injected potassium leaves the muscle, as demonstrated in table 2, makes it impossible to swim rats for 60 or more minutes and obtain values for muscle potassium at the highest levels.
While the muscle potassium of rats in group III is significantly higher than in normal uninjected rats (see group I A), it is fairly certain that during the early part of their swim it was even higher, probably on the order of that of rats in group II. It is unlikely, therefore, that the high muscle potassium of rats in group II accounts for their failure to swim more than eight minutes. It is to be noted that the serum concentration of potassium of rats in group II is at the level at which electrocardiographic changes and toxic effects of potassium on the heart have been noted in cats (4) . Presumably the concentration of potassium in the serum of rats in group III would have been found at or near this level had they been sacrificed earlier.
Whether the rapid exhaustion of rats in group II was associated with a greater susceptibility to the toxic effects of potassium at this high serum concentration is a matter for conjecture and can not be ascertained from the data at hand. For the purposes of this study it is significant that satisfactory muscular work can be done in the presence of a high muscle potassium.
Owing to the relatively rapid fluctuations of potassium in the muscle when KC1 is injected intraperitoneally it was not possible to ascertain what effect, if any, exercise may have on an already abnormally increased potassium in the muscle.
In order to determine if rats with abnormally low muscle potassium i.e., below 44 mM per 100 grams of fat-free solids, were able to swim satisfactorily, two methods for decreasing the muscle potassiums were used: the feeding of a diet low in potassium (3) and the injection of desoxycorticosterone acetate.
We also sought to determine if exercise altered the muscle potassium at this low range. Consequently exercised rats that were fed the low K diet, group IV, have been compared with a similarly treated group of rats that were not exercised, group IV A. Similarly the rats injected with desoxycorticosterone acetate were divided into an exercised group, group V, and a resting group, group V A. The results are shown in table 3.
The rats in groups IV and V demonstrate that a low muscle potassium is not in itself a limiting factor in the satisfactory performance of work. Three of the seven rats in group IV swam a full 60 minutes without showing marked evidence of fatigue.
The lowest muscle potassium observed (36.9 mM) was in a rat that swam 60 minutes.
Comparison of the analyses of exercised rats in group IV with resting rats in group IV A shows that the muscle potassium per unit of fat-free solids apparently remains unchanged with exercise while a slight but significant increase in the concen- The increases in chloride and water of the exercised rats in group IV over those in group IV A are similar to those observed in exercised rats with normal muscle potassium (see group I) and apparently represent an increase in extracellular fluid in the muscle. The increase in muscle sodium, which was found to be significant in exercised rats in group I, is not so striking in the rats of group IV.
The effect of injecting fairly large amounts of desoxycorticosterone acetate subcutaneously into normal rats, group V A, is to decrease muscle Group V-injected daily for 9 days subcutaneously with 2 mgm. aesoxycortlcosterone acetate in 25 per cent glucose.
Group VA-eight rats injected same as group V; remaining three rats injected with 3 to 4 mgm, desoxycorticosterone acetate in oil daily for 10 days. AI1 concentrations represent mean result plus or minus standard error.
potassium without altering the concentration of serum potassium. With the decrease in muscle potassium there is an increase in muscle sodium similar to that noted in rats fed a diet low in potassium (3). Both the serum and muscle chloride are significantly decreased. There is also a loss of muscle water. Contrary to the results obtained in rats fed the '(low K" diet or the stock diet the muscle potassium increases and the concentration of potassium in the serum decreases with exercise (see group V). The changes in muscle sodium and chloride in the exercised rats of group V are negligible. The increase in muscle water, however, is significant.
The failure to demonstrate an increase in muscle sodium in the rats in group V over that of the resting rats in group V A may have been HERBERT C, MILLER AND DANIEL C, DARROW dependent on the fact that the expected increase associated with exercise was offset by the decrease in this cation that accompanies an increase in muscle potassium. It is to be noted that the increase in the muscle potassium of rats in group V is an absolute increase, since no change in muscle protein was observed over the control group V A. The work performance of the rats in group V was entirely satisfactory even though the muscle potassiuma were below the recognized lower limit of the normal range (44 to 50 mM per 100 grams of fat-free solids).
Efforts were made to obtain satisfactory swimming performances with rats that had even lower muscle potassiums than those observed in table 3. Previous work had demonstrated that muscle potassiums as low as 30 mM per 100 grams of fat-free solids could be obtained by feeding rats on a low K diet for many weeks (3). Consequently a group of 7 rats that had subsisted on the diet low in potassium from 32 to 133 days were made to swim. One rat that had been on the diet 32 days swam for 52 minutes without fatigue, but all five of the rats that had been fed on the diet longer than 42 days this group of became exhausted from swimming in 7 minutes or less. While rats had muscle potassiums down to 30 mM in some instances, it is much more likely that pathological changes in the cardiac muscle accounted for their failure to swim well rather than the low muscle potassium, Microscopic studies3 of the hearts of several of the rats that were so readily exhausted were made and pathological changes were found to be present. These changes correspond to those previously described by Thomas et al. in animals fed a low potassium diet (5) .
Very low muscle potassium was also produced in seven rats by daily subcutaneous injection of 4 mgm, of desoxycorticosterone acetate for 30 days. The compound was suspended in a 10 per cent solution of glucose. The diet (Purina Dog Chow) contained adequate potassium. Three of the four rats which were placed in the tank were unable to swim longer than 20 minutes. The other one swam 60 minutes without apparent exhaustion. This rat showed a muscle potassium of 33.2 mM per 100 grams of fat-free solids, the lowest value found in any rat able to swim adequately. Serum potassium was 3.3 mM per liter.
The hearts of the rats given the excessive doses of desoxycorticosterone acetate were examined histologically except, unfortunately, swam adequately. extensive necrosis tissue. The latter with displacement of necrotic fibres by feature was not prominent since the necrosis was not very old.
In each case, the myocardial fibres the one which showed fairly connective apparently The areas involved tended to be near larger blood AND MUSCLE TO EXERCISE 807 vessels but could be found in all parts of the heart. The lesions seemed to be comparable to those seen in rats fed a diet low in potassium for several weeks.
Two of the rats which failed to swim showed ascites. It was felt that myocardial failure explained the inability of rats injected with excessive doses of desoxycorticosterone acetate to swim adequately.
DISCUSSION. The variations in the period of the swim of normal rats were found to be quite large. In two instances apparently normal rats with normal muscle potassium were exhausted within 10 minutes, two others were fatigued after 43 and 75 minutes and one rat swam 110 minutes without apparent fatigue. It seems justified to assume that 60 minutes of continuous swimming indicates a satisfactory performance.
The experiments clearly show that certain rats can swim for one hour with either a low or a high muscle potassium. Individual values as low as 33.2 and as high as 50.8 mM per 100 grams of fat-f.ree solids were obtained at the conclusion of a swim of 60 minutes. Previous work showed that the muscle potassium of normal resting rats may vary from 44 to 50 mM per 100 grams of fat-free solids without being accompanied by a gross disturbance in either the serum or muscle electrolytes (3). While 50.8 mM of potassium per 100 grams of fat-free solids was the highest recorded value in a rat with a satisfactory swimming performance, the results in table 2 indicate that successful swimming was done by rats with considerably higher muscle potassiums. Although the muscle potassium of rats in group III was maintained at abnormaSlly high levels for probably only 30 to 60 minutes, the results suggest that the similarly high muscle potassiums of rats with advanced adrenal insufficiency (2) are not per se the cause of the rapid muscle fatigue and weakness seen after adrenalectomy (6) . While moderately low muscle potassiums, about 40 mM per 100 grams of fat-free solids, are compatible with satisfactory swimming performances in most instances, it is only rarely that rats can swim 60 minutes with much lower muscle potassiums. The myocardial inj ury associated with the very low potassium in the skeletal muscle, whether produced by a low K diet or the injection of desoxycorticosterone acetate, probably is the limiting factor.
Attention is directed to the fact that adequate muscular performances were obtained in group V although the concentration of potassium in the serum was very low (1.9 to 3.1 mM per liter). These rats received desoxycorticosterone acetate in amounts and over periods similar to the dogs reported by Kuhlman et al. (7) . Our results suggest that myocardial injury rather than an abnormally low concentration of potassium in the serum is the cause of the "paralysis" and weakness noted in otherwise normal animals treated with desoxycorticosterone acetate.
The fluctuations in the level of serum potassium are of interest since these changes are sometimes used to indicate loss of muscle potassium JSERBERT Cl. MILLER AND DANIEL C. DARROW during exercise. Except in rats receiving desoxycorticosterone acetate, the exercising rats show a rise in serum potassium similar to that reported previously (8) . Our data show that if potassium is lost from the muscle during exercise in the intact rat, it is lost together with sufficient fat-free solids to leave the potassium unchanged per unit of fat-free solids.
AIthough we have no direct proof that non-protein fat-free solids were lost during exercise in the present experiments, such an occurrence would best explain the relative increase in protein per 100 grams of fat-free solids equivalent to four grams in group I. Expressing the relative increase in protein in terms of fat-free tissue (i.e., wet weight), the change in protein suggests a loss of fat-free solids equivalent to 0.5 per cent of the fat-free muscle.
Within a few minutes after exercise, Flock and Bollman have demonstrated a loss of glycogen of about 0.3 to 0.4 per cent (9) . If this glycogen is released together with sufficient potassium to keep the potassium constant per unit of fat-free solids, an exercising rat weighing 300 grams might free as much as 0.066 mM of potassium.
This amount of potassium would raise the concentration of serum potassium 0.8 mM if confined to extracellular water and 0.3 mM if equally distributed throughout body water.
Potassium might also appear in the serum from the liver since Fenn (10) has shown that glycogen is deposited in the liver together with potassium.
Since the liver weighs about 8 grams the loss of 2 per cent glycogen would free about 0.02 mM of potassium.
It is obvious that these two sources of potassium are more than sufficient to explain the rise in serum potassium accompanying exercise.
Fenn has postulated that muscular contraction is accompanied by a loss of potassium from the muscle per unit of solids (8) , There can be no doubt, as Fenn points out, that electrical stimulation of an isolated muscle or group of muscles in an otherwise intact animal leads to a loss of potassium and a gain of sodium.
Evidence that similar changes accompany voluntary contraction is not satisfactory. The only direct evidence for this view is submitted by Fenn (11) . His conclusions are based essentially on differences between innervated and denervated muscle in resting as well as swimming rats.
His data indicate that the "loss of potassium" with voluntary exercise may be due largely to a gain of potassium by the denervated muscle rather than to an act& loss from innervated muscle. To avoid this difficulty it would seem better to compare the muscles of rats that swam to those of rats confined to cages. Although the potassium of the innervated muscle from the exercised rats is lower than that of the resting rats, the difference is not st.atistically significant. The present experiments indicate that voluntary contraction is not accompanied by a loss of potassium beyond that associated with loss of glycogen or other fat-free solids.
In fact, our work with rats injected with desoxycorticosterone acetate shows that potassium actually can enter the skeletal muscle cells during voluntary exercise. 
Concentrations
of potassium in the serum that are abnormally low are not in themselves sufficient to produce "paralysis" or muscular weakness in normal animals.
No loss of potassium per unit of fat-free solids from striated muscle could be demonstrated after relatively long periods of voluntary exercise. An absolute increase in muscle potassium was demonstrated in exercised rats injected with desoxycorticosterone acetate. Desoxycorticosterone acetate decreases the muscle potassium and increases muscle sodium in the normal resting rat. These changes involve an apparent replacement of intracellular potassium by sodium. The increase in the concentration of potassium in the serum immediately following exercise was confirmed.
The possible sources of this increase were discussed.
The concentration of potassium in the serum of exercised rats injected with desoxycorticosterone is decreased.
